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Abstract—This paper proposes a method for power flow control
between utility and microgrid through back-to-back converters,
which facilitates desired real and reactive power flow between
utility and microgrid. In the proposed control strategy, the system
can run in two different modes depending on the power require-
ment in the microgrid. In mode-1, specified amount of real and
reactive power are shared between the utility and the microgrid
through the back-to-back converters. Mode-2 is invoked when the
power that can be supplied by the distributed generators (DGs) in
the microgrid reaches its maximum limit. In such a case, the rest
of the power demand of the microgrid has to be supplied by the
utility. An arrangement between DGs in the microgrid is proposed
to achieve load sharing in both grid connected and islanded
modes. The back-to-back converters also provide total frequency
isolation between the utility and the microgrid. It is shown that the
voltage or frequency fluctuation in the utility side has no impact on
voltage or power in microgrid side. Proper relay-breaker opera-
tion coordination is proposed during fault along with the blocking
of the back-to-back converters for seamless resynchronization.
Both impedance and motor type loads are considered to verify the
system stability. The impact of dc side voltage fluctuation of the
DGs and DG tripping on power sharing is also investigated. The
efficacy of the proposed control arrangement has been validated
through simulation for various operating conditions. The model
of the microgrid power system is simulated in PSCAD.

Index Terms—Active and reactive power sharing, back-to-back
converters, microgrid.

I. INTRODUCTION

T
HE interconnection of distributed generators (DGs) to the

utility grid through power electronic converters has raised

concern about proper load sharing between different DGs and

the grid. Microgrid can generally be viewed as a cluster of dis-

tributed generators connected to the main utility grid, usually

through voltage-source-converter (VSC) based interfaces. Con-

cerning the interfacing of a microgrid to the utility system, it is

important to achieve a proper load sharing by the DGs. A load

sharing with minimal communication is the best in the distribu-

tion level as the network is complex, can be reconfigured and
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span over a large area. The most common method is the use of

droop characteristics. Parallel converters have been controlled

to deliver desired real and reactive power to the system. The use

of local signals as feedback to control the converters is desirable,

since in a real system, the distance between the converters may

make an inter-communication impractical. With this in mind,

this paper proposes a configuration that is suitable for supplying

electrical power of high quality to the microgrid, specifically

when it is being supplied through controlled converters.

The real and reactive power sharing can be achieved by

controlling two independent quantities—the frequency and the

fundamental voltage magnitude [1]–[5]. The system stability

during load sharing has been explored in [2] and [3]. Transient

stability of power system with high penetration level of power

electronics interfaced (converter connected) distributed gener-

ation is explored in [5]. While [6]–[8] explore the microgrid

testing and control, [9] proposes a single-phase high-frequency

ac (HFAC) microgrid as a solution towards integrating renew-

able energy sources in a distributed generation system. For

a better performance of the DGs and more efficient power

management system, it is important to achieve a control over

the power flow between the grid and the microgrid. With a

bidirectional control on the power flow, it is possible not only

to specify exact amount of power supplied by the utility but

also the fed back power from microgrid to utility during lesser

power demand in the microgrid.

With number of DGs and loads connected over a wide span of

the microgrid, isolation between the grid and the microgrid will

always ensure a safe operation. Any voltage or frequency fluc-

tuation in the utility side has direct impact on the load voltage

and power oscillation in the microgrid side. For a safe opera-

tion of any sensitive load, it is not desirable to have any sudden

change in the system voltage and frequency. The isolation be-

tween the grid and microgrid not only ensures safe operation of

the microgrid load, it also prevents direct impact of microgrid

load change or change in DG output voltage on the utility side.

Protection of the devices both in utility and microgrid sides

during any fault is always a major concern [10]–[13]. Proper

protection schemes in the distributed generation system ensure

a reliable operation. Of the many schemes that have been pro-

posed, [10] explores the effect of high DG penetration on pro-

tective device coordination and suggests an adaptive protection

scheme as a solution to the problems. In [11], a method has been

proposed for determining the coordination of the rate of change

of frequency (ROCOF) and under/over-frequency relays for dis-

0885-8950/$26.00 © 2009 IEEE
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tributed generation protection considering islanding detection

and frequency-tripping requirements. The method is based on

the concept of application region, which defines a region in the

trigger time versus active power imbalance space where fre-

quency-based relays can be adjusted to satisfy the anti-islanding

and frequency-tripping requirements simultaneously.

In general, a microgrid is interfaced to the main power system

by a fast semiconductor switch called the static switch (SS). It

is essential to protect a microgrid in both the grid-connected

and the islanded modes of operation against all faults. Inverter

fault currents are limited by the ratings of the silicon devices

to around 2 per unit rated current. Fault currents in islanded in-

verter based microgrids may not have adequate magnitudes to

use traditional overcurrent protection techniques [12]. To over-

come this problem, a reliable and fast fault detection method is

proposed in [13].

The aim of this paper is to set up a power electronics inter-

faced microgrid containing distributed generators. A scheme for

controlling parallel connected DGs for proper load sharing is

proposed. The microgrid is connected to the utility with back-to-

back converters. Bidirectional power flow control between the

utility and microgrid is achieved by controlling both the con-

verters. The back-to-back converters provide the much needed

frequency and power quality isolation between the utility and

the microgrid. A proper relay breaker co-ordination is proposed

for protection during faults. The scheme not only ensures a

quick and safe islanding at inception of the fault, but also a

seamless resynchronization once the fault is cleared. The ap-

plication of back-to-back converters in distributed generation

would facilitate:

• controlled power flow between the microgrid and utility

which can be used in case of any contractual arrangement;

• reliable power quality due to the isolation of the microgrid

system from utility.

II. SYSTEM STRUCTURE AND OPERATION

A simple power system model with back to back converters,

one microgrid load and two DG sources is shown in Fig. 1. A

more complex case is considered in Section VIII. In Fig. 1, the

real and reactive power drawn/supplied are denoted by and ,

respectively. The back to back converters are connected to the

microgrid at the point of common coupling (PCC) and to the

utility grid at point A as shown in Fig. 1. Both the converters

(VSC-1 and VSC-2) are supplied by a common dc bus capac-

itor with voltage of . The converters can be blocked with their

corresponding signal input and . DG-1 and DG-2

are connected through voltage source converters to the micro-

grid. The output inductances of the DGs are indicated by in-

ductance and , respectively. The real and reactive powers

supplied by the DGs are denoted by and . While

the real and reactive power demand from the load is denoted

by . It is assumed that the microgrid is in distribution

level with mostly resistive lines, whose resistances are denoted

by and .

The utility supply is denoted by and the feeder resistance

and inductance are denoted, respectively, by and . The

utility supplies and to the back-to-back converters and

the balance amounts and are supplied to

Fig. 1. Microgrid and utility system under consideration.

the utility load. The breakers CB-1 and CB-2 can isolate the

microgrid from the utility supply. The power supplied from the

utility side to microgrid at PCC is denoted by , where

the differences and represent the loss and

reactive power requirement of the back-to-back converter and

their dc side capacitor.

The system can run in two different modes depending on

the power requirement in the microgrid. In mode-1, a speci-

fied amount of real and reactive power can be supplied from

the utility to the microgrid through the back-to-back converters.

Rest of the load demand is supplied by the DGs. The power re-

quirements are shared proportionally among the DGs based on

their ratings. When the total power generation by the DGs is

more than the load requirement, the excess power is fed back to

the utility. This mode provides a smooth operation in a contrac-

tual arrangement, where the amount of power consumed from

or delivered to the utility is pre-specified.

When the power requirement in the microgrid is more than the

combined maximum available generation capacity of the DGs

(e.g., when cloud reduces generation from PV), a pre-specified

power flow from the utility to the microgrid may not be viable.

The utility will then supply the remaining power requirement

in the microgrid under mode-2 control, while the DGs are op-

erated at maximum power mode. Once all the DGs reach their

available power limits, the operation of the microgrid is changed

from mode-1 to mode-2. While mode-1 provides a safe contrac-

tual agreement with the utility, mode-2 provides more reliable

power supply and can handle large load and generation uncer-

tainty. The rating requirement of the back to back converters

will depend on the maximum power flowing through them. The

maximum power flow will occur when
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Fig. 2. Converter structure.

• the load demand in the microgrid is maximum and min-

imum power is generated by the DGs (power flow from

utility to microgrid);

• maximum power is generated by DGs, while the load de-

mand in the microgrid is minimum (power flow from mi-

crogrid to utility).

The rating issue has to be determined a priori. The microgrid

cannot supply/absorb more power than the pre-specified max-

imum limit.

III. CONVERTER STRUCTURE AND CONTROL

The converter structure for VSC-3 is shown in Fig. 2. DG-1 is

assumed to be an ideal dc voltage source supplying a voltage of

to the VSC. The converter contains three H-bridges. The

outputs of the H-bridges are connected to three single-phase

transformers that are connected in wye for required isolation

and voltage boosting [14]. The resistance represents the

switching and transformer losses. In this paper, an LCL filter

structure is chosen to suppress the switching harmonics. This

filter constitute of the leakage reactance of the transformers

, the filter capacitor is connected to the output of the

transformers and . Please note that also represents the

output inductance of the DG source. The converter structure of

DG-2 (VSC-4) is same as DG-1. The converters of the back-to-

back converters have same structure but they are supplied by

the common capacitor voltage as shown in Fig. 1. It is to be

noted that, while VSC-2 has an output inductance (shown

in Fig. 1), VSC-1 is directly connected to the point A without

an output inductance. This implies that the voltage across the

filter-capacitor ( in Fig. 2) of VSC-1 is the voltage of point A

on the utility side. It is to be noted that the PSCAD simulations

reported in this paper, all the converter are modeled in detail and

no average linear model have been used.

All the converters are controlled in a similar way. The equiv-

alent circuit of one phase of the converter is shown in Fig. 3. In

this, represents the converter output voltage, where

is the switching function that can take on values 1. The main

aim of the converter control is to generate .

Fig. 3. Equivalent circuit of one phase of the converter.

From the circuit of Fig. 3, the state space description of the

system can be given as

(1)

where is the continuous time control input, based on which

the switching function is determined. The discrete-time equiv-

alent of (2) is

(2)

Let the output of the system given in (2) be . The refer-

ence for this voltage is given in terms of the magnitude of the

rms voltage and its angle . From these quantities, the in-

stantaneous voltage references for the three phases are gen-

erated. Neglecting the PCC voltage assuming it to be a

disturbance input, the input-output relationship of the system in

(2) can be written as

(3)

The control is computed from

(4)

Then the closed-loop transfer function of the system is given by

(5)

The coefficients of the polynomials and can be chosen

based on a pole placement strategy [15]. Once is computed

from (4), the switching function can be generated as

If then

elseif then (6)

where is a small number.
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Fig. 4. Angle controller for VSC-1.

Fig. 5. Schematic diagram of VSC-2 connection to microgrid.

All the four VSCs are controlled using the above control

strategy. Hence, all these controllers require their instantaneous

reference voltages. These are discussed in the next two sections.

IV. BACK-TO-BACK CONVERTER REFERENCE GENERATION

This section describe the reference generation for the back-to-

back VSCs. Both the VSCs are supplied from a common capac-

itor of voltage as shown in Fig. 1. Depending on the power

requirement in the microgrid, there are two modes of operation

as discussed in Section II. However the reference generation for

VSC-1 is common for both these modes. This is discussed next.

A. VSC-1 Reference Generation

Reference angle for VSC-1 is generated as shown in Fig. 4.

First the measured capacitor voltage is passed through a low

pass filter to obtain . This is then compared with the refer-

ence capacitor voltage . The error is fed to a PI controller

to generate the reference angle . VSC-1 reference voltage

magnitude is kept constant, while angle is the output of the PI

controller. The instantaneous voltages of the three phases are

derived from them.

The two modes of VSC-2 reference generation are discussed

next.

B. VSC-2 Reference Generation in Mode-1

VSC-2, which is connected with PCC through an output in-

ductance , controls the real and reactive power flow between

the utility and the microgrid. Fig. 5 shows the schematic dia-

gram of this part of the circuit, where the voltages and current

are shown by their phasor values.

Let us assume that, in mode-1 the references for the real

and reactive power be and , respectively, and

the VSC-2 output voltage be denoted by and the PCC

voltage by . Then the reference VSC-2 voltage magni-

tude and its can be calculated as

(7)

(8)

Depending on the real and reactive power demand, these ref-

erences are calculated, based on which the instantaneous refer-

ence VSC-2 voltages for the three phases are computed. It is to

be noted that, sign of the active and reactive power references

are taken as negative when it is desired to supply the power from

the microgrid to the utility side.

C. VSC-2 Reference Generation in Mode-2

In mode-2, the utility supplies any deficit in the power

requirement through back-to-back converters while the DGs

supply their maximum available power. Let the maximum

rating of the back-to-back converters be given by and

. Then the voltage magnitude and angle reference of

VSC-2 is generated as

(9)

where and are the voltage magnitude and angle,

respectively, when it is supplying the maximum load. The

VSC-2 droop coefficient and are chosen such that the

voltage regulation is within acceptable limit from maximum to

minimum power supply.

V. REFERENCE GENERATION FOR DG SOURCES

In this section, the reference generation for the DGs is pre-

sented. It is to be noted that the reference generations of the DGs

are different from reference generation of the back-to-back con-

verters. The control strategy for both the DGs is the same and

hence only DG-1 reference generation is discussed here.

A. Mode-1

It is assumed that in mode-1 the utility supplies a part of

the load demand through the back-to-back converters and rest

of the power demand in the microgrid is supplied and regu-

lated by the DGs. The output voltages of the converters are con-

trolled to share this load proportional to the rating of the DGs.

As the output impedance of the DG sources is inductive, the

real and reactive power injection from the source to microgrid

can be controlled by changing voltage magnitude and its angle.

Fig. 6 shows the power flow from DG-1 to microgrid where the
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Fig. 6. Power flow from DG-1 to microgrid.

voltages and current are shown in rms values and the output

impedance is denoted by .

The real and reactive power flow from DG to microgrid can

be calculated as

(10)

It is to be note that VSC-3 does not have any direct control over

. The output inductances of the DGs decouple the real

and reactive power at the DG output. Hence from (10), it is clear

that if the angle difference is small, the real power can

be controlled by controlling , while the reactive power can be

controlled by controlling . Thus the power requirement can

be distributed among the DGs, similar to a conventional droop

by dropping the voltage magnitude and angle as

(11)

where and are the rated voltage magnitude and

angle, respectively, of DG-1, when it is supplying the load to

its rated power levels of and . The coefficients

and respectively indicate the voltage angle drop vis-à-vis

the real power output and the magnitude drop vis-à-vis the reac-

tive power output. These values are chosen to meet the voltage

regulation requirement in the microgrid. It is assumed that all

the DGs are all converter based and so the output voltage angle

can be changed instantaneously. The angle droop will be able

to share the load without any drop in system frequency. In a

microgrid with frequency droop, the variation of with normal

load changes tends to be much higher than system grid fre-

quency variation. In trying to correct this using low droop co-

efficient may lead to large variations in the frequency. Angle

droop avoids this variation in frequency to some extent. A com-

parison of performance between angle and frequency droop is

discussed in Appendix A.

To show the power sharing with angle droop, two DGs with

a load is considered as shown in Fig. 7. The voltages and the

Fig. 7. Power sharing among the DGs.

power flow are indicated in the figure. Applying dc load flow

with all the necessary assumptions, we get

(12)

where , ,

, and . The angle

droop equation of the DGs is given by

(13)

The offset in the angle droop is taken such that when DG output

power is zero, the DG source angle is zero. For this the rated

droop angles are taken as and

. Then from (13), we get

(14)

Similarly from (12), we get

(15)

Assuming the system to be lossless, we can find from Fig. 7

that and substituting this (14) and (15), we get

(16)

Similarly can be calculated as

(17)

From (16) and (17), the ratio of the output power is calculated

as

(18)
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It is to be noted that the value of and are very small

compared to the value of and ( is ten times of in

the example where ). Moreover since

the microgrid line is considered to be mainly resistive with low

line inductance and the DG output inductance is much larger,

we can write

Therefore, from (18), it is evident that the droop coefficients

play the dominant role in the power sharing. As the droop co-

efficients are taken as inversely proportional to the DG rating,

from (18), we can write

(19)

The error is further reduced by taking the output inductance

of the DGs inversely proportional to power rating of

the DGs. If the microgrid line is inductive in nature, and of high

value, then network knowledge is needed to minimize the error

by choosing the DG output inductance such that

The system shown in Fig. 7 is a very simple example to show

the power sharing. In a real system with number of DGs and

loads in different locations, line impedances will have an impact

on the load sharing. But for a microgrid within a small geograph-

ical area, the line inductances will never be very high. More-

over a high droop coefficient will always play a dominant role

and share the power as desired with a very small deviation. The

reactive power has been shared with the conventional voltage

magnitude drop [1]–[4]. Since the converter output impedance

is inductive, the change in output voltage angle does not have a

significant effect on the reactive power sharing.

Thus DG-1 can supply the desired power if the output voltage

of VSC-3 has magnitude and angle as given in (11). From the

rms quantities the instantaneous reference voltages of the three

phases are obtained. In a similar way, the instantaneous refer-

ence voltages for VSC-4 are also obtained. This method of load

sharing is based only on local measurements and does not need

intercommunication between the DGs. For the determination of

the phase angles, a common reference is used. This can easily

accomplished through a Global Positioning System (GPS) syn-

chronizing signal. It is to be noted that the conventional fre-

quency droop method can realize the real power sharing without

such a GPS signal.

B. Mode-2

In mode-2, the DGs supply their maximum available power.

The reference generation for the DGs in mode-2 is similar to

the reference generation of VSC-2 of back-to-back converter in

mode-1 as given in (7) and (8). Let us denote the available active

power as . Then based on this and the current rating of

the DG, the reactive power availability of the DG can

be determined. Based on these quantities, the voltage references

as shown in Fig. 6 are calculated as

(20)

(21)

The references for the other DGs are generated in a similar way.

VI. RELAY AND CIRCUIT BREAKER COORDINATION

DURING ISLANDING AND RESYNCHRONIZATION

The reference generations described in Section IV for DGs

and back-to-back converters are totally independent of each

other. In mode-1, once the desired value of real and reac-

tive power flow through the back-to-back converters is set,

the rest of the required power will automatically be shared

amongst the DGs. In mode-2, the DGs supply their maximum

available power while the extra the power requirement from

utility is supplied through the back-to-back converter. When a

DG reaches its maximum available power, it broadcasts it to

VSC-2 control center. The mode change is initiated when all

the DGs reach their available limits. Note that other than the

broadcast signals, no other communication is needed between

the back-to-back converters and the DGs, even during islanding

and resynchronization. But proper relay breaker coordination,

along with converter blocking, will be required to maintain the

voltage of the dc capacitor during islanding and resynchro-

nization. Fig. 8 shows the logic diagram used for this purpose,

where Trip_Signal initiates the tripping of CB-2 (Fig. 1) and

the signal blocks VSC-1. The same logic is also used

for the tripping CB-1 and the blocking of VSC-2. The rate of

rise of current is monitored by the protection scheme. When

it exceeds a threshold value in response to a fault in the utility

grid, the output of the Protection Scheme (Fig. 8) becomes

high. This output is used to set all the RS flip flops. The upper

flip flop (F/F-1) generates the trip signal. This flip flop is reset

by the Fault_Clear signal. The lower two flip flops, F/F-2 and

F/F-3 generate and signals, respectively. The

blocking deactivation is initiated when the fault is cleared and

Fault_Clear signal is set high manually. The converter VSC-1

is deblocked by resetting F/F-2 when the breaker CB-2 is

closed, as indicated by Br_Status signal. The AND gate insures

that no false deblocking occurs till both these signals are high.

VSC-2 is deblocked after VSC-1 is deblocked. This is why

Fault_Clear signal is passed through a time delay circuit to

generate the reset signal for F/F-3.

Fig. 9 shows the timing diagram of the breakers and converter

blocking during islanding and resynchronization process. If a

breaker is closed, the signal Br_Status is high and it goes low

when the breaker opens. As evident from Fig. 8, the output of

the Protection Scheme triggers the RS flip flops, which simul-

taneously generates both the trip and block signals. The block

signals blocks both VSC-1 and VSC-2 simultaneously. Once the

trip signals goes high, the breakers CB-1 and CB-2 open after

a finite time delay (t_op) as indicated in Fig. 9. Unless the two

VSCs are blocked, the dc capacitor voltage collapses due to the

sudden increase in power requirement on the utility side. Also
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Fig. 8. Logic for breaker operation and converter blocking.

Fig. 9. Breakers and converter blocking timing diagram.

to prevent the angle reference from diverging during the

contingency, the angle controller of Fig. 4 is bypassed and the

reference is held at the pre-fault value. Note that, once a breaker

opens, the Protection Scheme output goes low causing the set

input of the flip flops of Fig. 8 to become 0.

During islanding, breakers CB-1 and CB-2 are opened simul-

taneously. However during resynchronization, CB-2 is closed

and VSC-1 is deblocked first connecting this to the utility. This

will cause the dc capacitor voltage to rise taking a finite time

depending on the capacitor voltage drop during islanding. Once

the capacitor voltage settles to its reference value and the angle

controller of Fig. 4 settles, CB-1 is closed and VSC-2 is de-

blocked.

Once the fault is cleared, Fault_Clear signal is set high man-

ually. This signal is the same as Br_Close signal of CB-2. The

Fault_Clear signal also resets Trip_signal, used both by CB-1

and CB-2. With a finite time delay (t_cl) from the initiation

of Br_Close signal, CB-2 closes, making the Br_Status signal

for CB-2 high. This resets F/F-2 and deactivates signal

causing switching devices of VSC-1 to start conducting. As

mentioned earlier and shown in Fig. 8, Br_Close signal for CB-1

is generated after a time delay from the Fault_Clear signal.

Once this signal is generated, CB-1 closes after a time delay

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

t_cl. This then resets F/F-3 and VSC-2 starts conducting. To

even further safeguard the dc capacitor voltage, the power flow

reference for VSC-2 is switched to zero during islanding and

brought back to its previous value after resynchronization. This

step by step process ensures a seamless resynchronization.

VII. SIMULATION STUDIES

Simulation studies are carried out in PSCAD/EMTDC (ver-

sion 4.2). Different configurations of load and its sharing are

considered. The DGs are considered as inertia-less dc source

supplied through a VSC. The system data are given in Table I.

The droop coefficients are chosen such that both active and re-

active powers of the load are divided in a ratio of 1:1.25 between

DG-1 and DG-2. Some of the simulation results to indicate the

accuracy of the proposed control are listed in Table II, given in

Appendix B.

A. Case-1: Load Sharing of the DGs With Utility

If the power requirement of the load in microgrid is more

than the power generated by the DGs, the balance power is sup-

plied by the utility through the back-to-back converters. The de-

sired power flow the utility to the microgrid is controlled by (7)

and (8), while droop (10) controls the sharing of the remaining

power. It is desired that 50% of the load is supplied by the

utility and rest of the load is shared by DG-1 and DG-2. The

impedance load of Table I is considered for this case. Fig. 10

shows the real and reactive power sharing between utility and

the DGs. Fig. 11(a) shows the phase-a reference and output

voltage, whereas three-phase voltage tracking error is shown in

Fig. 11(b). It can be seen that the tracking error is less than 0.2%.

Fig. 12 shows the capacitor voltage and the output of the angle

controller. At 0.1 s, the impedance of the load is halved and at

0.35 s, it is changed back to its nominal value. It can be seen
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Fig. 10. Real and reactive power sharing for Case-1. (a) Real power sharing
(MW). (b) Reactive power sharing (MVAr).

Fig. 11. Voltage tracking of DG-1 Case-1. (a) Phase-a references and output
voltages of DG-1. (b) Voltage tracking errors of the three phases of DG-1.

Fig. 12. Capacitor voltage and angle controller output for Case-1. (a) Capacitor
voltage (kV). (b) Angle controller output (degree).

that the system goes through minimal transient and reaches its

steady state within five cycles (100 ms) for both the transients.

B. Case-2: Change in Power Supply From Utility

If the power flow from the utility to the microgrid is changed

by changing the power flow references for VSC-2, the extra

power requirement is automatically picked up by the DGs.

Fig. 13 shows the real and reactive power sharing, where at

0.1 s the power flow from the utility is changed to 20% of

the total load from the initial value of 50% as considered in

Fig. 13. Real and reactive power sharing for Case-2. (a) Real power sharing
(MW). (b) Reactive power sharing (MVAr).

Fig. 14. Three-phase PCC voltage and injected current for Case-2. (a) Three-
phase PCC voltage (kV). (b) Three-phase current injected at PCC by back-to-
back inverter (kA).

Case-1. It can be seen that the DGs pick up the balance load

demand and share it proportionally as desired. The unchanged

real and reactive load power during the change over proves the

efficacy of the controller for smooth transition. Fig. 14 shows

the PCC voltage and change in current injection at PCC from

utility. It can be seen that the PCC voltage remained balanced

and transient-free, while the injected currents reach steady state

within four cycles.

C. Case-3: Power Supply From Microgrid to Utility

When the power generation of the DGs is more than the

power requirement of the load, excess power can be fed back

to the utility through the back-to-back converters. It is desired

that the utility supplies 50% of the microgrid load initially. At

0.1 s, however, the same amount of power is fed back to the

utility by changing the sign of the power flow reference for the

back-to-back converters. The DG output increases automati-

cally to supply the total load power and power to the utility, as

evident from Fig. 15.

Fig. 16(a) shows the phase-a voltage at PCC and phase-a cur-

rent injected from the utility to the microgrid, where current is

scaled up 30 times. The change in the power flow direction is

indicated by the sudden change in phase of the injected current

phase at 0.1 s, vis-à-vis that of the voltage. Fig. 16(b) shows the

three-phase current injected by the utility to the microgrid. It

reaches steady state within three cycles. Apart from the phase
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Fig. 15. Real and reactive power sharing during power reversal (Case-3). (a)
Real power sharing (MW). (b) Reactive power sharing (MVAr).

Fig. 16. PCC voltage and injected current for Case-3. (a) Phase-a PCC voltage
(kV) and phase-a current from utility to microgrid (kA), scaled up 30 times. (b)
Three-phase current injected from utility to microgrid (kA).

reversal, the magnitude of the currents remain the same, indi-

cating that the same amount of power flow is taking place, albeit

in the opposite direction.

D. Case-4: Load Sharing With Motor Load

In this section, load sharing with the induction motor load,

given in Table I, is investigated. An impedance load is an infinite

sink as it can absorb any change in the instantaneous real and

reactive power. However an inertial load such as motor is not

capable of that. Thus any sudden big change in the terminal

voltage results in large oscillation in the real and reactive power.

At the beginning it is assumed that the utility supplies 0.2 MW

of real power and 0.5 MVAr of reactive power to the microgrid.

Then at 0.05 s, the power reference is changed such that the

utility supplies 0.3 MVAR of reactive power and no real power.

The power sharing results for this case are shown in Fig. 17.

E. Case-5: Change in Utility Voltage and Frequency

One of the major advantages of the back-to-back converter

connection is that it can provide isolation between the utility

and the microgrid, both for voltage and frequency fluctuations.

Fig. 17. Real and reactive power sharing with motor load (Case-4). (a) Real
power sharing (MV). (b) Reactive power sharing (MVAr).

Fig. 18. Real and reactive power during frequency fluctuation (Case-5). (a)
Real power (MW). (b) Reactive power (MVAr).

Fig. 18 shows the system response for frequency fluctuation in

the utility side from 0.05 s to 0.25 s. At 0.05 s, the utility fre-

quency dropped by 0.5%, and at 0.25 s, it comes back to its

initial value of 50 Hz. The real and reactive power injections

from utility to VSC-1 are shown as and , respectively.

It can be seen that while and fluctuate, the load power

and the injected power to the microgrid re-

main constant.

With the system operating in steady state, a 50% balanced sag

in the source voltage occurs in 0.1 s. The sag is removed after

0.5 s. Fig. 19 shows the power and the reactive power during this

condition. It can be seen that the load power and the

injected power to the microgrid remain almost undis-

turbed. The real power drawn from the grid , barring tran-

sients at the inception and removal of the sag, is maintained

at the steady state level in order to supply power to the mi-

crogrid. The reactive power however reverses sign as the

utility voltage drop causing it to absorb reactive power. During

the sag, the dc capacitor supplies reactive power to the utility.

The dc capacitor voltage and the output of the angle controller

are shown in Fig. 20. It can be seen that while the dc capac-

itor voltage is maintained at its pre-specified value, the angle

drops in sympathy with the source voltage drop to maintain the
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Fig. 19. Real and reactive power during voltage sag (Case-5). (a) Real power
(MW) during voltage sag. (b) Reactive power (MVAr) during voltage sag.

Fig. 20. DC capacitor voltage and angle controller output during voltage sag.
(a) DC capacitor voltage (kV). (b) Angle controller output (degree).

injected power constant. The angle returns to its pre-sag value

once the sag is removed.

F. Case-6: Islanding and Resynchronization

In this section the system response during a fault in the utility

is investigated. Let us assume that a single-line to ground fault

occurs at point F, which is half way between the utility source

and point A, as shown in Fig. 21. As the fault occurs, the trip

signal for the breakers CB-1 and CB-2 are initiated by the pro-

tection scheme which measure the rate of rise of current .

But breakers need a finite time to physically open the contact.

During this time, the back to back converters start feeding the

fault as shown by in Fig. 21, which will result in the col-

lapse of the capacitor voltage . As explained in Section VI,

the coordination of breaker tripping and VSC blocking is re-

quired to avoid the voltage collapse.

With the system operating in steady state, the single-line to

ground fault in phase-a occurs at 0.05 s and the fault is cleared

at 0.1 s. The resynchronization process starts at 0.25 s when

the Br_Close signal of CB-2 is generated. Subsequently, at 0.35

s, the Br-Close signal of CB-1 is generated. The dc capacitor

voltage and the angle controller output are shown in Fig. 22 in

which the angle controller output is kept constant to its pre-fault

Fig. 21. Location of the single-line to ground fault.

Fig. 22. DC capacitor voltage and angle controller output during islanding and
resynchronization (Case-6). (a) Capacitor voltage (kV). (b) Angle controller
output (degree).

Fig. 23. Real and reactive power during islanding and resynchronization
(Case-6). (a) Real power sharing (MW). (b) Reactive power sharing (MVAr).

value between 0.05 s to 0.25 s. Fig. 23 shows real and reactive

power sharing, which are in accordance to the desired objective

to keep microgrid load power constant.

G. Case-7: Variable Power Supply From Utility

In cases presented above, it has been assumed that the system

is running in mode-1 where DGs can supply the balance of

the load requirement once the pre-specified amount of power is

drawn from the utility. The following example shows the switch

from mode-1 to mode-2 when the maximum available power

that can be supplied by the DGs is reached. Initially, the mi-

crogrid is running in mode 1. At 0.1 s, the input power from
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Fig. 24. Real power sharing during power limit and mode change (Case-7). (a)
Real power demand from load and supply through utility (MW). (b) Real power
sharing by the DGs (MW).

DG-1 suddenly reduces to 60 KW. DG-2 then sup-

plies the shortfall as can be seen in Fig. 24. The load power

and that supplied by the utility remain unchanged. Subsequent

to this, suddenly the load changes at 0.35 s in which the power

demand in the microgrid increases from 0.53 MW to 0.64 MW.

However, the maximum power that can be supplied by DG-2

is set at 300 kW. This implies that both the DGs together can

supply 360 KW. Moreover, the utility grid was supplying 200

kW before this event. Therefore an additional 80 KW of power

is required from the utility grid and hence a mode change is in-

evitable. This mode change is initiated with VSC-2 droop gains

of and . The re-

sults are also shown in Fig. 24. It can be seen that there is no

appreciable overshoot in the active powers supplied by the DGs.

The utility power rises sharply in order to supply the load

demand. The system settles in five cycles.

H. Case-8: DC Voltage Fluctuation and Loss of a DG

Photovoltaic (PV) cells are the most common form of

converter interfaced DGs. The power output from these cells

may vary during the day and may also have fluctuations de-

pending on the atmospheric conditions. However as long as

the dc voltage remains above a threshold, the converter tracks

the output voltage reference. If the voltage falls below this

threshold, the converter is switched off and the utility and the

other DGs will have to share the microgrid load. To prove this

point, a simulation is carried out in which it is assumed that

DG-2 is capable of supplying the excess load demand, while the

utility supplies the pre-specified amount of power in mode-1.

If this is not possible, a switch to mode-2 will be necessary,

which is not shown here.

The simulation results for this case are shown in Fig. 25. The

dc voltage of DG-1 has a sinusoidal fluctuation of 3% and at 0.05

s, it starts ramping down as in Fig. 25(a). The 500-Hz fluctuation

is shown in the inset. At 0.3 s, when the dc voltage falls below

2.25 kV, this DG is isolated from the system. Since the other DG

picks up the load, any appreciable drop in (Fig. 6) does not

occur as evident from Fig. 25(b). Fig. 25(c) and (d) shows the

real and reactive powers, respectively. It can be seen that there

is a slight drop in the load power indicating a slight microgrid

Fig. 25. DC voltage fluctuation in DG-1 and its tripping (Case-8). (a) DC
voltage fluctuation (kV). (b) � (kV). (c) Real power sharing (MW). (d)
Reactive power sharing (MVAr).

Fig. 26. Microgrid structure with large number of DGs and loads.

voltage drop. However the utility power remains unchanged and

that supplied by DG-2 increases.

VIII. MICROGRID CONTAINING MULTIPLE DGS

In the studies presented so far, it has been assumed that only

two DGs and a load are connected to the microgrid. In general,

however, there might be several DGs and loads connected to it,

as shown in Fig. 25. It is assumed that there are a total number

of loads and DGs. The total active and reactive powers

consumed by the loads are given by

(22)

The required power will be shared by DGs depending on their

rating, given by

(23)
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Fig. 27. Real power sharing with four DGs.

However, like any droop method, the different line impedance

between the load connection points, throughout the microgrid

will have slight impact on the load sharing. The reference gen-

eration for the DGs will remain the same as before.

To validate a proper load sharing with multiple DGs, two

more DGs are connected to the microgrid. The DG parame-

ters, output impedance, converter structure and controller are the

same as those used for DG-1 and DG-2. The droop coefficients

for the four DGs are chosen such that they share both real and

reactive power in the ratio of DG-1: DG-2: DG-3: DG-4 equal

to 1:1.25:1.55:1.72. The load is also distributed in three dif-

ferent places to achieve a microgrid structure similar as shown

in Fig. 26 with and . Fig. 27 shows the real power

sharing, where the load power demand is doubled at 0.3 s, and

brought back to initial value at 0.8 s. It is evident from the figure

that a proper load sharing occurs in the desired ratio.

IX. CONCLUSIONS

In this paper, a load sharing and power flow control technique

is proposed for a utility connected microgrid. The utility distri-

bution system is connected to the microgrid through a set of

back-to-back converters. In mode-1, the real and reactive power

flow between utility and microgrid can be controlled by set-

ting the specified reference power flow for back-to-back con-

verters module. Rest of the power requirement in the micro-

grid is shared by the DGs proportional to their rating. In case

of high power demand in the microgrid, the DGs supply their

maximum power, while rest of the power demand is supplied by

utility through back-to-back converters (mode-2). A broadcast

signal can be used by the DGs to indicate their mode change.

However only locally measured data are used by the DGs and

no communication is needed for the load sharing. The utility

and microgrid are totally isolated, and hence, the voltage or fre-

quency fluctuations in the utility side do not affect the microgrid

loads. Proper switching of the breaker and other power elec-

tronics switches has been proposed during islanding and resyn-

chronization process. The efficacy of the controller and system

stability is investigated in different operating situation with var-

ious types of loads.

Fig. 28. Frequency deviation with frequency droop control. (a) Frequency de-
viation with frequency droop (DG-2). (b) Power output with frequency droop
(DG-2).

APPENDIX A

To show the relative differences between the angle and fre-

quency droop controllers, we have chosen a simple system as

shown in Fig. 7. The frequency droop controller is given by

[1]–[4]

(A1)

The output impedances of the two sources are chosen in a ratio

of 1:1.33 and the powers are also chosen in the ratio of 1.33:1.

No reactive power droop has been used and the voltage magni-

tudes are held constant. Both frequency and angle droop con-

troller gains are chosen at 50% of their respective marginal sta-

bility points. The VSCs and DGs ratings for both cases are as-

sumed to be identical.

The load in Fig. 7 is assumed to be resistive. To represent

random changes of customer load, the conductance is chosen as

the integral of a Gaussian white noise source with zero mean

and standard deviation of 0.01 Mho. The output inductances of

the two converters are 25 mH and 18.8 mH. The impedance of

line 1 is while impedance of line 2 is .

Fig. 28 shows the steady state frequency variation and power

output of DG-2 with frequency droop controller, while those

with angle droop controller are shown in Fig. 29. It can be seen

that with the frequency droop controller, the relation between

frequency deviation and power output obeys (A1). A similar

relationship also exists between angle and output power with

angle droop control (11), which is not shown here. The varia-

tion in frequency with the frequency droop controller is signifi-

cantly higher than that with the angle droop controller. The stan-

dard deviation for the window shown is 0.153 rad/s with the fre-

quency droop controller, while it is 0.0011 rad/s with the angle

droop controller. It can also be seen that the mean frequency de-

viation is much larger in case of frequency droop than in angle

droop. This demonstrates that the angle droop controller gener-

ates a substantially smaller frequency variation than the conven-

tional frequency droop controller.

The output power and current of DG-1 is shown in Fig. 30

for both frequency and angle droop controllers. Since the output

currents in this figure are essentially the same and the DGs are
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Fig. 29. Frequency deviation with angle droop control. (a) Frequency deviation
with angle droop (DG-2). (b) Power output with angle droop (DG-2).

Fig. 30. Output power and current of DG-1 for both droop control methods.

operated at same constant voltage of 1000 V in both cases, the

required power of the VSCs is also the same. As the load is

not modeled as frequency dependant, the total power being sup-

plied under both control schemes is also closely matched, as ev-

ident from Fig. 30. The switching frequency in both the cases is

the same. Thus the converter requirements are the same in both

the control schemes. For a given frequency error, there will be

a finite (proportional) response from the frequency droop con-

troller. In the same situation, the angle droop controller output

will continue to ramp until the frequency error is corrected. In

normal operation, this will give a superior transient correction

term in the angle droop control output, while the steady state

power matches the load demand in both control schemes.

APPENDIX B

Some of the simulation results to indicate the accuracy of the

proposed control are listed in Table II.
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Power Management and Power Flow
Control With Back-to-Back Converters

in a Utility Connected Microgrid
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Abstract—This paper proposes a method for power flow control
between utility and microgrid through back-to-back converters,
which facilitates desired real and reactive power flow between
utility and microgrid. In the proposed control strategy, the system
can run in two different modes depending on the power require-
ment in the microgrid. In mode-1, specified amount of real and
reactive power are shared between the utility and the microgrid
through the back-to-back converters. Mode-2 is invoked when the
power that can be supplied by the distributed generators (DGs) in
the microgrid reaches its maximum limit. In such a case, the rest
of the power demand of the microgrid has to be supplied by the
utility. An arrangement between DGs in the microgrid is proposed
to achieve load sharing in both grid connected and islanded
modes. The back-to-back converters also provide total frequency
isolation between the utility and the microgrid. It is shown that the
voltage or frequency fluctuation in the utility side has no impact on
voltage or power in microgrid side. Proper relay-breaker opera-
tion coordination is proposed during fault along with the blocking
of the back-to-back converters for seamless resynchronization.
Both impedance and motor type loads are considered to verify the
system stability. The impact of dc side voltage fluctuation of the
DGs and DG tripping on power sharing is also investigated. The
efficacy of the proposed control arrangement has been validated
through simulation for various operating conditions. The model
of the microgrid power system is simulated in PSCAD.

Index Terms—Active and reactive power sharing, back-to-back
converters, microgrid.

I. INTRODUCTION

T
HE interconnection of distributed generators (DGs) to the

utility grid through power electronic converters has raised

concern about proper load sharing between different DGs and

the grid. Microgrid can generally be viewed as a cluster of dis-

tributed generators connected to the main utility grid, usually

through voltage-source-converter (VSC) based interfaces. Con-

cerning the interfacing of a microgrid to the utility system, it is

important to achieve a proper load sharing by the DGs. A load

sharing with minimal communication is the best in the distribu-

tion level as the network is complex, can be reconfigured and
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span over a large area. The most common method is the use of

droop characteristics. Parallel converters have been controlled

to deliver desired real and reactive power to the system. The use

of local signals as feedback to control the converters is desirable,

since in a real system, the distance between the converters may

make an inter-communication impractical. With this in mind,

this paper proposes a configuration that is suitable for supplying

electrical power of high quality to the microgrid, specifically

when it is being supplied through controlled converters.

The real and reactive power sharing can be achieved by

controlling two independent quantities—the frequency and the

fundamental voltage magnitude [1]–[5]. The system stability

during load sharing has been explored in [2] and [3]. Transient

stability of power system with high penetration level of power

electronics interfaced (converter connected) distributed gener-

ation is explored in [5]. While [6]–[8] explore the microgrid

testing and control, [9] proposes a single-phase high-frequency

ac (HFAC) microgrid as a solution towards integrating renew-

able energy sources in a distributed generation system. For

a better performance of the DGs and more efficient power

management system, it is important to achieve a control over

the power flow between the grid and the microgrid. With a

bidirectional control on the power flow, it is possible not only

to specify exact amount of power supplied by the utility but

also the fed back power from microgrid to utility during lesser

power demand in the microgrid.

With number of DGs and loads connected over a wide span of

the microgrid, isolation between the grid and the microgrid will

always ensure a safe operation. Any voltage or frequency fluc-

tuation in the utility side has direct impact on the load voltage

and power oscillation in the microgrid side. For a safe opera-

tion of any sensitive load, it is not desirable to have any sudden

change in the system voltage and frequency. The isolation be-

tween the grid and microgrid not only ensures safe operation of

the microgrid load, it also prevents direct impact of microgrid

load change or change in DG output voltage on the utility side.

Protection of the devices both in utility and microgrid sides

during any fault is always a major concern [10]–[13]. Proper

protection schemes in the distributed generation system ensure

a reliable operation. Of the many schemes that have been pro-

posed, [10] explores the effect of high DG penetration on pro-

tective device coordination and suggests an adaptive protection

scheme as a solution to the problems. In [11], a method has been

proposed for determining the coordination of the rate of change

of frequency (ROCOF) and under/over-frequency relays for dis-

0885-8950/$26.00 © 2009 IEEE
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tributed generation protection considering islanding detection

and frequency-tripping requirements. The method is based on

the concept of application region, which defines a region in the

trigger time versus active power imbalance space where fre-

quency-based relays can be adjusted to satisfy the anti-islanding

and frequency-tripping requirements simultaneously.

In general, a microgrid is interfaced to the main power system

by a fast semiconductor switch called the static switch (SS). It

is essential to protect a microgrid in both the grid-connected

and the islanded modes of operation against all faults. Inverter

fault currents are limited by the ratings of the silicon devices

to around 2 per unit rated current. Fault currents in islanded in-

verter based microgrids may not have adequate magnitudes to

use traditional overcurrent protection techniques [12]. To over-

come this problem, a reliable and fast fault detection method is

proposed in [13].

The aim of this paper is to set up a power electronics inter-

faced microgrid containing distributed generators. A scheme for

controlling parallel connected DGs for proper load sharing is

proposed. The microgrid is connected to the utility with back-to-

back converters. Bidirectional power flow control between the

utility and microgrid is achieved by controlling both the con-

verters. The back-to-back converters provide the much needed

frequency and power quality isolation between the utility and

the microgrid. A proper relay breaker co-ordination is proposed

for protection during faults. The scheme not only ensures a

quick and safe islanding at inception of the fault, but also a

seamless resynchronization once the fault is cleared. The ap-

plication of back-to-back converters in distributed generation

would facilitate:

• controlled power flow between the microgrid and utility

which can be used in case of any contractual arrangement;

• reliable power quality due to the isolation of the microgrid

system from utility.

II. SYSTEM STRUCTURE AND OPERATION

A simple power system model with back to back converters,

one microgrid load and two DG sources is shown in Fig. 1. A

more complex case is considered in Section VIII. In Fig. 1, the

real and reactive power drawn/supplied are denoted by and ,

respectively. The back to back converters are connected to the

microgrid at the point of common coupling (PCC) and to the

utility grid at point A as shown in Fig. 1. Both the converters

(VSC-1 and VSC-2) are supplied by a common dc bus capac-

itor with voltage of . The converters can be blocked with their

corresponding signal input and . DG-1 and DG-2

are connected through voltage source converters to the micro-

grid. The output inductances of the DGs are indicated by in-

ductance and , respectively. The real and reactive powers

supplied by the DGs are denoted by and . While

the real and reactive power demand from the load is denoted

by . It is assumed that the microgrid is in distribution

level with mostly resistive lines, whose resistances are denoted

by and .

The utility supply is denoted by and the feeder resistance

and inductance are denoted, respectively, by and . The

utility supplies and to the back-to-back converters and

the balance amounts and are supplied to

Fig. 1. Microgrid and utility system under consideration.

the utility load. The breakers CB-1 and CB-2 can isolate the

microgrid from the utility supply. The power supplied from the

utility side to microgrid at PCC is denoted by , where

the differences and represent the loss and

reactive power requirement of the back-to-back converter and

their dc side capacitor.

The system can run in two different modes depending on

the power requirement in the microgrid. In mode-1, a speci-

fied amount of real and reactive power can be supplied from

the utility to the microgrid through the back-to-back converters.

Rest of the load demand is supplied by the DGs. The power re-

quirements are shared proportionally among the DGs based on

their ratings. When the total power generation by the DGs is

more than the load requirement, the excess power is fed back to

the utility. This mode provides a smooth operation in a contrac-

tual arrangement, where the amount of power consumed from

or delivered to the utility is pre-specified.

When the power requirement in the microgrid is more than the

combined maximum available generation capacity of the DGs

(e.g., when cloud reduces generation from PV), a pre-specified

power flow from the utility to the microgrid may not be viable.

The utility will then supply the remaining power requirement

in the microgrid under mode-2 control, while the DGs are op-

erated at maximum power mode. Once all the DGs reach their

available power limits, the operation of the microgrid is changed

from mode-1 to mode-2. While mode-1 provides a safe contrac-

tual agreement with the utility, mode-2 provides more reliable

power supply and can handle large load and generation uncer-

tainty. The rating requirement of the back to back converters

will depend on the maximum power flowing through them. The

maximum power flow will occur when
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Fig. 2. Converter structure.

• the load demand in the microgrid is maximum and min-

imum power is generated by the DGs (power flow from

utility to microgrid);

• maximum power is generated by DGs, while the load de-

mand in the microgrid is minimum (power flow from mi-

crogrid to utility).

The rating issue has to be determined a priori. The microgrid

cannot supply/absorb more power than the pre-specified max-

imum limit.

III. CONVERTER STRUCTURE AND CONTROL

The converter structure for VSC-3 is shown in Fig. 2. DG-1 is

assumed to be an ideal dc voltage source supplying a voltage of

to the VSC. The converter contains three H-bridges. The

outputs of the H-bridges are connected to three single-phase

transformers that are connected in wye for required isolation

and voltage boosting [14]. The resistance represents the

switching and transformer losses. In this paper, an LCL filter

structure is chosen to suppress the switching harmonics. This

filter constitute of the leakage reactance of the transformers

, the filter capacitor is connected to the output of the

transformers and . Please note that also represents the

output inductance of the DG source. The converter structure of

DG-2 (VSC-4) is same as DG-1. The converters of the back-to-

back converters have same structure but they are supplied by

the common capacitor voltage as shown in Fig. 1. It is to be

noted that, while VSC-2 has an output inductance (shown

in Fig. 1), VSC-1 is directly connected to the point A without

an output inductance. This implies that the voltage across the

filter-capacitor ( in Fig. 2) of VSC-1 is the voltage of point A

on the utility side. It is to be noted that the PSCAD simulations

reported in this paper, all the converter are modeled in detail and

no average linear model have been used.

All the converters are controlled in a similar way. The equiv-

alent circuit of one phase of the converter is shown in Fig. 3. In

this, represents the converter output voltage, where

is the switching function that can take on values 1. The main

aim of the converter control is to generate .

Fig. 3. Equivalent circuit of one phase of the converter.

From the circuit of Fig. 3, the state space description of the

system can be given as

(1)

where is the continuous time control input, based on which

the switching function is determined. The discrete-time equiv-

alent of (2) is

(2)

Let the output of the system given in (2) be . The refer-

ence for this voltage is given in terms of the magnitude of the

rms voltage and its angle . From these quantities, the in-

stantaneous voltage references for the three phases are gen-

erated. Neglecting the PCC voltage assuming it to be a

disturbance input, the input-output relationship of the system in

(2) can be written as

(3)

The control is computed from

(4)

Then the closed-loop transfer function of the system is given by

(5)

The coefficients of the polynomials and can be chosen

based on a pole placement strategy [15]. Once is computed

from (4), the switching function can be generated as

If then

elseif then (6)

where is a small number.
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Fig. 4. Angle controller for VSC-1.

Fig. 5. Schematic diagram of VSC-2 connection to microgrid.

All the four VSCs are controlled using the above control

strategy. Hence, all these controllers require their instantaneous

reference voltages. These are discussed in the next two sections.

IV. BACK-TO-BACK CONVERTER REFERENCE GENERATION

This section describe the reference generation for the back-to-

back VSCs. Both the VSCs are supplied from a common capac-

itor of voltage as shown in Fig. 1. Depending on the power

requirement in the microgrid, there are two modes of operation

as discussed in Section II. However the reference generation for

VSC-1 is common for both these modes. This is discussed next.

A. VSC-1 Reference Generation

Reference angle for VSC-1 is generated as shown in Fig. 4.

First the measured capacitor voltage is passed through a low

pass filter to obtain . This is then compared with the refer-

ence capacitor voltage . The error is fed to a PI controller

to generate the reference angle . VSC-1 reference voltage

magnitude is kept constant, while angle is the output of the PI

controller. The instantaneous voltages of the three phases are

derived from them.

The two modes of VSC-2 reference generation are discussed

next.

B. VSC-2 Reference Generation in Mode-1

VSC-2, which is connected with PCC through an output in-

ductance , controls the real and reactive power flow between

the utility and the microgrid. Fig. 5 shows the schematic dia-

gram of this part of the circuit, where the voltages and current

are shown by their phasor values.

Let us assume that, in mode-1 the references for the real

and reactive power be and , respectively, and

the VSC-2 output voltage be denoted by and the PCC

voltage by . Then the reference VSC-2 voltage magni-

tude and its can be calculated as

(7)

(8)

Depending on the real and reactive power demand, these ref-

erences are calculated, based on which the instantaneous refer-

ence VSC-2 voltages for the three phases are computed. It is to

be noted that, sign of the active and reactive power references

are taken as negative when it is desired to supply the power from

the microgrid to the utility side.

C. VSC-2 Reference Generation in Mode-2

In mode-2, the utility supplies any deficit in the power

requirement through back-to-back converters while the DGs

supply their maximum available power. Let the maximum

rating of the back-to-back converters be given by and

. Then the voltage magnitude and angle reference of

VSC-2 is generated as

(9)

where and are the voltage magnitude and angle,

respectively, when it is supplying the maximum load. The

VSC-2 droop coefficient and are chosen such that the

voltage regulation is within acceptable limit from maximum to

minimum power supply.

V. REFERENCE GENERATION FOR DG SOURCES

In this section, the reference generation for the DGs is pre-

sented. It is to be noted that the reference generations of the DGs

are different from reference generation of the back-to-back con-

verters. The control strategy for both the DGs is the same and

hence only DG-1 reference generation is discussed here.

A. Mode-1

It is assumed that in mode-1 the utility supplies a part of

the load demand through the back-to-back converters and rest

of the power demand in the microgrid is supplied and regu-

lated by the DGs. The output voltages of the converters are con-

trolled to share this load proportional to the rating of the DGs.

As the output impedance of the DG sources is inductive, the

real and reactive power injection from the source to microgrid

can be controlled by changing voltage magnitude and its angle.

Fig. 6 shows the power flow from DG-1 to microgrid where the
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Fig. 6. Power flow from DG-1 to microgrid.

voltages and current are shown in rms values and the output

impedance is denoted by .

The real and reactive power flow from DG to microgrid can

be calculated as

(10)

It is to be note that VSC-3 does not have any direct control over

. The output inductances of the DGs decouple the real

and reactive power at the DG output. Hence from (10), it is clear

that if the angle difference is small, the real power can

be controlled by controlling , while the reactive power can be

controlled by controlling . Thus the power requirement can

be distributed among the DGs, similar to a conventional droop

by dropping the voltage magnitude and angle as

(11)

where and are the rated voltage magnitude and

angle, respectively, of DG-1, when it is supplying the load to

its rated power levels of and . The coefficients

and respectively indicate the voltage angle drop vis-à-vis

the real power output and the magnitude drop vis-à-vis the reac-

tive power output. These values are chosen to meet the voltage

regulation requirement in the microgrid. It is assumed that all

the DGs are all converter based and so the output voltage angle

can be changed instantaneously. The angle droop will be able

to share the load without any drop in system frequency. In a

microgrid with frequency droop, the variation of with normal

load changes tends to be much higher than system grid fre-

quency variation. In trying to correct this using low droop co-

efficient may lead to large variations in the frequency. Angle

droop avoids this variation in frequency to some extent. A com-

parison of performance between angle and frequency droop is

discussed in Appendix A.

To show the power sharing with angle droop, two DGs with

a load is considered as shown in Fig. 7. The voltages and the

Fig. 7. Power sharing among the DGs.

power flow are indicated in the figure. Applying dc load flow

with all the necessary assumptions, we get

(12)

where , ,

, and . The angle

droop equation of the DGs is given by

(13)

The offset in the angle droop is taken such that when DG output

power is zero, the DG source angle is zero. For this the rated

droop angles are taken as and

. Then from (13), we get

(14)

Similarly from (12), we get

(15)

Assuming the system to be lossless, we can find from Fig. 7

that and substituting this (14) and (15), we get

(16)

Similarly can be calculated as

(17)

From (16) and (17), the ratio of the output power is calculated

as

(18)
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It is to be noted that the value of and are very small

compared to the value of and ( is ten times of in

the example where ). Moreover since

the microgrid line is considered to be mainly resistive with low

line inductance and the DG output inductance is much larger,

we can write

Therefore, from (18), it is evident that the droop coefficients

play the dominant role in the power sharing. As the droop co-

efficients are taken as inversely proportional to the DG rating,

from (18), we can write

(19)

The error is further reduced by taking the output inductance

of the DGs inversely proportional to power rating of

the DGs. If the microgrid line is inductive in nature, and of high

value, then network knowledge is needed to minimize the error

by choosing the DG output inductance such that

The system shown in Fig. 7 is a very simple example to show

the power sharing. In a real system with number of DGs and

loads in different locations, line impedances will have an impact

on the load sharing. But for a microgrid within a small geograph-

ical area, the line inductances will never be very high. More-

over a high droop coefficient will always play a dominant role

and share the power as desired with a very small deviation. The

reactive power has been shared with the conventional voltage

magnitude drop [1]–[4]. Since the converter output impedance

is inductive, the change in output voltage angle does not have a

significant effect on the reactive power sharing.

Thus DG-1 can supply the desired power if the output voltage

of VSC-3 has magnitude and angle as given in (11). From the

rms quantities the instantaneous reference voltages of the three

phases are obtained. In a similar way, the instantaneous refer-

ence voltages for VSC-4 are also obtained. This method of load

sharing is based only on local measurements and does not need

intercommunication between the DGs. For the determination of

the phase angles, a common reference is used. This can easily

accomplished through a Global Positioning System (GPS) syn-

chronizing signal. It is to be noted that the conventional fre-

quency droop method can realize the real power sharing without

such a GPS signal.

B. Mode-2

In mode-2, the DGs supply their maximum available power.

The reference generation for the DGs in mode-2 is similar to

the reference generation of VSC-2 of back-to-back converter in

mode-1 as given in (7) and (8). Let us denote the available active

power as . Then based on this and the current rating of

the DG, the reactive power availability of the DG can

be determined. Based on these quantities, the voltage references

as shown in Fig. 6 are calculated as

(20)

(21)

The references for the other DGs are generated in a similar way.

VI. RELAY AND CIRCUIT BREAKER COORDINATION

DURING ISLANDING AND RESYNCHRONIZATION

The reference generations described in Section IV for DGs

and back-to-back converters are totally independent of each

other. In mode-1, once the desired value of real and reac-

tive power flow through the back-to-back converters is set,

the rest of the required power will automatically be shared

amongst the DGs. In mode-2, the DGs supply their maximum

available power while the extra the power requirement from

utility is supplied through the back-to-back converter. When a

DG reaches its maximum available power, it broadcasts it to

VSC-2 control center. The mode change is initiated when all

the DGs reach their available limits. Note that other than the

broadcast signals, no other communication is needed between

the back-to-back converters and the DGs, even during islanding

and resynchronization. But proper relay breaker coordination,

along with converter blocking, will be required to maintain the

voltage of the dc capacitor during islanding and resynchro-

nization. Fig. 8 shows the logic diagram used for this purpose,

where Trip_Signal initiates the tripping of CB-2 (Fig. 1) and

the signal blocks VSC-1. The same logic is also used

for the tripping CB-1 and the blocking of VSC-2. The rate of

rise of current is monitored by the protection scheme. When

it exceeds a threshold value in response to a fault in the utility

grid, the output of the Protection Scheme (Fig. 8) becomes

high. This output is used to set all the RS flip flops. The upper

flip flop (F/F-1) generates the trip signal. This flip flop is reset

by the Fault_Clear signal. The lower two flip flops, F/F-2 and

F/F-3 generate and signals, respectively. The

blocking deactivation is initiated when the fault is cleared and

Fault_Clear signal is set high manually. The converter VSC-1

is deblocked by resetting F/F-2 when the breaker CB-2 is

closed, as indicated by Br_Status signal. The AND gate insures

that no false deblocking occurs till both these signals are high.

VSC-2 is deblocked after VSC-1 is deblocked. This is why

Fault_Clear signal is passed through a time delay circuit to

generate the reset signal for F/F-3.

Fig. 9 shows the timing diagram of the breakers and converter

blocking during islanding and resynchronization process. If a

breaker is closed, the signal Br_Status is high and it goes low

when the breaker opens. As evident from Fig. 8, the output of

the Protection Scheme triggers the RS flip flops, which simul-

taneously generates both the trip and block signals. The block

signals blocks both VSC-1 and VSC-2 simultaneously. Once the

trip signals goes high, the breakers CB-1 and CB-2 open after

a finite time delay (t_op) as indicated in Fig. 9. Unless the two

VSCs are blocked, the dc capacitor voltage collapses due to the

sudden increase in power requirement on the utility side. Also
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Fig. 8. Logic for breaker operation and converter blocking.

Fig. 9. Breakers and converter blocking timing diagram.

to prevent the angle reference from diverging during the

contingency, the angle controller of Fig. 4 is bypassed and the

reference is held at the pre-fault value. Note that, once a breaker

opens, the Protection Scheme output goes low causing the set

input of the flip flops of Fig. 8 to become 0.

During islanding, breakers CB-1 and CB-2 are opened simul-

taneously. However during resynchronization, CB-2 is closed

and VSC-1 is deblocked first connecting this to the utility. This

will cause the dc capacitor voltage to rise taking a finite time

depending on the capacitor voltage drop during islanding. Once

the capacitor voltage settles to its reference value and the angle

controller of Fig. 4 settles, CB-1 is closed and VSC-2 is de-

blocked.

Once the fault is cleared, Fault_Clear signal is set high man-

ually. This signal is the same as Br_Close signal of CB-2. The

Fault_Clear signal also resets Trip_signal, used both by CB-1

and CB-2. With a finite time delay (t_cl) from the initiation

of Br_Close signal, CB-2 closes, making the Br_Status signal

for CB-2 high. This resets F/F-2 and deactivates signal

causing switching devices of VSC-1 to start conducting. As

mentioned earlier and shown in Fig. 8, Br_Close signal for CB-1

is generated after a time delay from the Fault_Clear signal.

Once this signal is generated, CB-1 closes after a time delay

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

t_cl. This then resets F/F-3 and VSC-2 starts conducting. To

even further safeguard the dc capacitor voltage, the power flow

reference for VSC-2 is switched to zero during islanding and

brought back to its previous value after resynchronization. This

step by step process ensures a seamless resynchronization.

VII. SIMULATION STUDIES

Simulation studies are carried out in PSCAD/EMTDC (ver-

sion 4.2). Different configurations of load and its sharing are

considered. The DGs are considered as inertia-less dc source

supplied through a VSC. The system data are given in Table I.

The droop coefficients are chosen such that both active and re-

active powers of the load are divided in a ratio of 1:1.25 between

DG-1 and DG-2. Some of the simulation results to indicate the

accuracy of the proposed control are listed in Table II, given in

Appendix B.

A. Case-1: Load Sharing of the DGs With Utility

If the power requirement of the load in microgrid is more

than the power generated by the DGs, the balance power is sup-

plied by the utility through the back-to-back converters. The de-

sired power flow the utility to the microgrid is controlled by (7)

and (8), while droop (10) controls the sharing of the remaining

power. It is desired that 50% of the load is supplied by the

utility and rest of the load is shared by DG-1 and DG-2. The

impedance load of Table I is considered for this case. Fig. 10

shows the real and reactive power sharing between utility and

the DGs. Fig. 11(a) shows the phase-a reference and output

voltage, whereas three-phase voltage tracking error is shown in

Fig. 11(b). It can be seen that the tracking error is less than 0.2%.

Fig. 12 shows the capacitor voltage and the output of the angle

controller. At 0.1 s, the impedance of the load is halved and at

0.35 s, it is changed back to its nominal value. It can be seen
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Fig. 10. Real and reactive power sharing for Case-1. (a) Real power sharing
(MW). (b) Reactive power sharing (MVAr).

Fig. 11. Voltage tracking of DG-1 Case-1. (a) Phase-a references and output
voltages of DG-1. (b) Voltage tracking errors of the three phases of DG-1.

Fig. 12. Capacitor voltage and angle controller output for Case-1. (a) Capacitor
voltage (kV). (b) Angle controller output (degree).

that the system goes through minimal transient and reaches its

steady state within five cycles (100 ms) for both the transients.

B. Case-2: Change in Power Supply From Utility

If the power flow from the utility to the microgrid is changed

by changing the power flow references for VSC-2, the extra

power requirement is automatically picked up by the DGs.

Fig. 13 shows the real and reactive power sharing, where at

0.1 s the power flow from the utility is changed to 20% of

the total load from the initial value of 50% as considered in

Fig. 13. Real and reactive power sharing for Case-2. (a) Real power sharing
(MW). (b) Reactive power sharing (MVAr).

Fig. 14. Three-phase PCC voltage and injected current for Case-2. (a) Three-
phase PCC voltage (kV). (b) Three-phase current injected at PCC by back-to-
back inverter (kA).

Case-1. It can be seen that the DGs pick up the balance load

demand and share it proportionally as desired. The unchanged

real and reactive load power during the change over proves the

efficacy of the controller for smooth transition. Fig. 14 shows

the PCC voltage and change in current injection at PCC from

utility. It can be seen that the PCC voltage remained balanced

and transient-free, while the injected currents reach steady state

within four cycles.

C. Case-3: Power Supply From Microgrid to Utility

When the power generation of the DGs is more than the

power requirement of the load, excess power can be fed back

to the utility through the back-to-back converters. It is desired

that the utility supplies 50% of the microgrid load initially. At

0.1 s, however, the same amount of power is fed back to the

utility by changing the sign of the power flow reference for the

back-to-back converters. The DG output increases automati-

cally to supply the total load power and power to the utility, as

evident from Fig. 15.

Fig. 16(a) shows the phase-a voltage at PCC and phase-a cur-

rent injected from the utility to the microgrid, where current is

scaled up 30 times. The change in the power flow direction is

indicated by the sudden change in phase of the injected current

phase at 0.1 s, vis-à-vis that of the voltage. Fig. 16(b) shows the

three-phase current injected by the utility to the microgrid. It

reaches steady state within three cycles. Apart from the phase
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Fig. 15. Real and reactive power sharing during power reversal (Case-3). (a)
Real power sharing (MW). (b) Reactive power sharing (MVAr).

Fig. 16. PCC voltage and injected current for Case-3. (a) Phase-a PCC voltage
(kV) and phase-a current from utility to microgrid (kA), scaled up 30 times. (b)
Three-phase current injected from utility to microgrid (kA).

reversal, the magnitude of the currents remain the same, indi-

cating that the same amount of power flow is taking place, albeit

in the opposite direction.

D. Case-4: Load Sharing With Motor Load

In this section, load sharing with the induction motor load,

given in Table I, is investigated. An impedance load is an infinite

sink as it can absorb any change in the instantaneous real and

reactive power. However an inertial load such as motor is not

capable of that. Thus any sudden big change in the terminal

voltage results in large oscillation in the real and reactive power.

At the beginning it is assumed that the utility supplies 0.2 MW

of real power and 0.5 MVAr of reactive power to the microgrid.

Then at 0.05 s, the power reference is changed such that the

utility supplies 0.3 MVAR of reactive power and no real power.

The power sharing results for this case are shown in Fig. 17.

E. Case-5: Change in Utility Voltage and Frequency

One of the major advantages of the back-to-back converter

connection is that it can provide isolation between the utility

and the microgrid, both for voltage and frequency fluctuations.

Fig. 17. Real and reactive power sharing with motor load (Case-4). (a) Real
power sharing (MV). (b) Reactive power sharing (MVAr).

Fig. 18. Real and reactive power during frequency fluctuation (Case-5). (a)
Real power (MW). (b) Reactive power (MVAr).

Fig. 18 shows the system response for frequency fluctuation in

the utility side from 0.05 s to 0.25 s. At 0.05 s, the utility fre-

quency dropped by 0.5%, and at 0.25 s, it comes back to its

initial value of 50 Hz. The real and reactive power injections

from utility to VSC-1 are shown as and , respectively.

It can be seen that while and fluctuate, the load power

and the injected power to the microgrid re-

main constant.

With the system operating in steady state, a 50% balanced sag

in the source voltage occurs in 0.1 s. The sag is removed after

0.5 s. Fig. 19 shows the power and the reactive power during this

condition. It can be seen that the load power and the

injected power to the microgrid remain almost undis-

turbed. The real power drawn from the grid , barring tran-

sients at the inception and removal of the sag, is maintained

at the steady state level in order to supply power to the mi-

crogrid. The reactive power however reverses sign as the

utility voltage drop causing it to absorb reactive power. During

the sag, the dc capacitor supplies reactive power to the utility.

The dc capacitor voltage and the output of the angle controller

are shown in Fig. 20. It can be seen that while the dc capac-

itor voltage is maintained at its pre-specified value, the angle

drops in sympathy with the source voltage drop to maintain the
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Fig. 19. Real and reactive power during voltage sag (Case-5). (a) Real power
(MW) during voltage sag. (b) Reactive power (MVAr) during voltage sag.

Fig. 20. DC capacitor voltage and angle controller output during voltage sag.
(a) DC capacitor voltage (kV). (b) Angle controller output (degree).

injected power constant. The angle returns to its pre-sag value

once the sag is removed.

F. Case-6: Islanding and Resynchronization

In this section the system response during a fault in the utility

is investigated. Let us assume that a single-line to ground fault

occurs at point F, which is half way between the utility source

and point A, as shown in Fig. 21. As the fault occurs, the trip

signal for the breakers CB-1 and CB-2 are initiated by the pro-

tection scheme which measure the rate of rise of current .

But breakers need a finite time to physically open the contact.

During this time, the back to back converters start feeding the

fault as shown by in Fig. 21, which will result in the col-

lapse of the capacitor voltage . As explained in Section VI,

the coordination of breaker tripping and VSC blocking is re-

quired to avoid the voltage collapse.

With the system operating in steady state, the single-line to

ground fault in phase-a occurs at 0.05 s and the fault is cleared

at 0.1 s. The resynchronization process starts at 0.25 s when

the Br_Close signal of CB-2 is generated. Subsequently, at 0.35

s, the Br-Close signal of CB-1 is generated. The dc capacitor

voltage and the angle controller output are shown in Fig. 22 in

which the angle controller output is kept constant to its pre-fault

Fig. 21. Location of the single-line to ground fault.

Fig. 22. DC capacitor voltage and angle controller output during islanding and
resynchronization (Case-6). (a) Capacitor voltage (kV). (b) Angle controller
output (degree).

Fig. 23. Real and reactive power during islanding and resynchronization
(Case-6). (a) Real power sharing (MW). (b) Reactive power sharing (MVAr).

value between 0.05 s to 0.25 s. Fig. 23 shows real and reactive

power sharing, which are in accordance to the desired objective

to keep microgrid load power constant.

G. Case-7: Variable Power Supply From Utility

In cases presented above, it has been assumed that the system

is running in mode-1 where DGs can supply the balance of

the load requirement once the pre-specified amount of power is

drawn from the utility. The following example shows the switch

from mode-1 to mode-2 when the maximum available power

that can be supplied by the DGs is reached. Initially, the mi-

crogrid is running in mode 1. At 0.1 s, the input power from
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Fig. 24. Real power sharing during power limit and mode change (Case-7). (a)
Real power demand from load and supply through utility (MW). (b) Real power
sharing by the DGs (MW).

DG-1 suddenly reduces to 60 KW. DG-2 then sup-

plies the shortfall as can be seen in Fig. 24. The load power

and that supplied by the utility remain unchanged. Subsequent

to this, suddenly the load changes at 0.35 s in which the power

demand in the microgrid increases from 0.53 MW to 0.64 MW.

However, the maximum power that can be supplied by DG-2

is set at 300 kW. This implies that both the DGs together can

supply 360 KW. Moreover, the utility grid was supplying 200

kW before this event. Therefore an additional 80 KW of power

is required from the utility grid and hence a mode change is in-

evitable. This mode change is initiated with VSC-2 droop gains

of and . The re-

sults are also shown in Fig. 24. It can be seen that there is no

appreciable overshoot in the active powers supplied by the DGs.

The utility power rises sharply in order to supply the load

demand. The system settles in five cycles.

H. Case-8: DC Voltage Fluctuation and Loss of a DG

Photovoltaic (PV) cells are the most common form of

converter interfaced DGs. The power output from these cells

may vary during the day and may also have fluctuations de-

pending on the atmospheric conditions. However as long as

the dc voltage remains above a threshold, the converter tracks

the output voltage reference. If the voltage falls below this

threshold, the converter is switched off and the utility and the

other DGs will have to share the microgrid load. To prove this

point, a simulation is carried out in which it is assumed that

DG-2 is capable of supplying the excess load demand, while the

utility supplies the pre-specified amount of power in mode-1.

If this is not possible, a switch to mode-2 will be necessary,

which is not shown here.

The simulation results for this case are shown in Fig. 25. The

dc voltage of DG-1 has a sinusoidal fluctuation of 3% and at 0.05

s, it starts ramping down as in Fig. 25(a). The 500-Hz fluctuation

is shown in the inset. At 0.3 s, when the dc voltage falls below

2.25 kV, this DG is isolated from the system. Since the other DG

picks up the load, any appreciable drop in (Fig. 6) does not

occur as evident from Fig. 25(b). Fig. 25(c) and (d) shows the

real and reactive powers, respectively. It can be seen that there

is a slight drop in the load power indicating a slight microgrid

Fig. 25. DC voltage fluctuation in DG-1 and its tripping (Case-8). (a) DC
voltage fluctuation (kV). (b) � (kV). (c) Real power sharing (MW). (d)
Reactive power sharing (MVAr).

Fig. 26. Microgrid structure with large number of DGs and loads.

voltage drop. However the utility power remains unchanged and

that supplied by DG-2 increases.

VIII. MICROGRID CONTAINING MULTIPLE DGS

In the studies presented so far, it has been assumed that only

two DGs and a load are connected to the microgrid. In general,

however, there might be several DGs and loads connected to it,

as shown in Fig. 25. It is assumed that there are a total number

of loads and DGs. The total active and reactive powers

consumed by the loads are given by

(22)

The required power will be shared by DGs depending on their

rating, given by

(23)
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Fig. 27. Real power sharing with four DGs.

However, like any droop method, the different line impedance

between the load connection points, throughout the microgrid

will have slight impact on the load sharing. The reference gen-

eration for the DGs will remain the same as before.

To validate a proper load sharing with multiple DGs, two

more DGs are connected to the microgrid. The DG parame-

ters, output impedance, converter structure and controller are the

same as those used for DG-1 and DG-2. The droop coefficients

for the four DGs are chosen such that they share both real and

reactive power in the ratio of DG-1: DG-2: DG-3: DG-4 equal

to 1:1.25:1.55:1.72. The load is also distributed in three dif-

ferent places to achieve a microgrid structure similar as shown

in Fig. 26 with and . Fig. 27 shows the real power

sharing, where the load power demand is doubled at 0.3 s, and

brought back to initial value at 0.8 s. It is evident from the figure

that a proper load sharing occurs in the desired ratio.

IX. CONCLUSIONS

In this paper, a load sharing and power flow control technique

is proposed for a utility connected microgrid. The utility distri-

bution system is connected to the microgrid through a set of

back-to-back converters. In mode-1, the real and reactive power

flow between utility and microgrid can be controlled by set-

ting the specified reference power flow for back-to-back con-

verters module. Rest of the power requirement in the micro-

grid is shared by the DGs proportional to their rating. In case

of high power demand in the microgrid, the DGs supply their

maximum power, while rest of the power demand is supplied by

utility through back-to-back converters (mode-2). A broadcast

signal can be used by the DGs to indicate their mode change.

However only locally measured data are used by the DGs and

no communication is needed for the load sharing. The utility

and microgrid are totally isolated, and hence, the voltage or fre-

quency fluctuations in the utility side do not affect the microgrid

loads. Proper switching of the breaker and other power elec-

tronics switches has been proposed during islanding and resyn-

chronization process. The efficacy of the controller and system

stability is investigated in different operating situation with var-

ious types of loads.

Fig. 28. Frequency deviation with frequency droop control. (a) Frequency de-
viation with frequency droop (DG-2). (b) Power output with frequency droop
(DG-2).

APPENDIX A

To show the relative differences between the angle and fre-

quency droop controllers, we have chosen a simple system as

shown in Fig. 7. The frequency droop controller is given by

[1]–[4]

(A1)

The output impedances of the two sources are chosen in a ratio

of 1:1.33 and the powers are also chosen in the ratio of 1.33:1.

No reactive power droop has been used and the voltage magni-

tudes are held constant. Both frequency and angle droop con-

troller gains are chosen at 50% of their respective marginal sta-

bility points. The VSCs and DGs ratings for both cases are as-

sumed to be identical.

The load in Fig. 7 is assumed to be resistive. To represent

random changes of customer load, the conductance is chosen as

the integral of a Gaussian white noise source with zero mean

and standard deviation of 0.01 Mho. The output inductances of

the two converters are 25 mH and 18.8 mH. The impedance of

line 1 is while impedance of line 2 is .

Fig. 28 shows the steady state frequency variation and power

output of DG-2 with frequency droop controller, while those

with angle droop controller are shown in Fig. 29. It can be seen

that with the frequency droop controller, the relation between

frequency deviation and power output obeys (A1). A similar

relationship also exists between angle and output power with

angle droop control (11), which is not shown here. The varia-

tion in frequency with the frequency droop controller is signifi-

cantly higher than that with the angle droop controller. The stan-

dard deviation for the window shown is 0.153 rad/s with the fre-

quency droop controller, while it is 0.0011 rad/s with the angle

droop controller. It can also be seen that the mean frequency de-

viation is much larger in case of frequency droop than in angle

droop. This demonstrates that the angle droop controller gener-

ates a substantially smaller frequency variation than the conven-

tional frequency droop controller.

The output power and current of DG-1 is shown in Fig. 30

for both frequency and angle droop controllers. Since the output

currents in this figure are essentially the same and the DGs are
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Fig. 29. Frequency deviation with angle droop control. (a) Frequency deviation
with angle droop (DG-2). (b) Power output with angle droop (DG-2).

Fig. 30. Output power and current of DG-1 for both droop control methods.

operated at same constant voltage of 1000 V in both cases, the

required power of the VSCs is also the same. As the load is

not modeled as frequency dependant, the total power being sup-

plied under both control schemes is also closely matched, as ev-

ident from Fig. 30. The switching frequency in both the cases is

the same. Thus the converter requirements are the same in both

the control schemes. For a given frequency error, there will be

a finite (proportional) response from the frequency droop con-

troller. In the same situation, the angle droop controller output

will continue to ramp until the frequency error is corrected. In

normal operation, this will give a superior transient correction

term in the angle droop control output, while the steady state

power matches the load demand in both control schemes.

APPENDIX B

Some of the simulation results to indicate the accuracy of the

proposed control are listed in Table II.
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